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ABSTRACT
The ADCP-referenced geostrophic circulation of the Oyashio and Kuroshio waters in the density range 26.6–
27.2 su in the Kuroshio–Oyashio interfrontal zone is examined by synoptic observations with a CTD and
shipboard ADCP in May 1992 and May 1994 in order to investigate the absolute transports of the source waters
for North Pacific Intermediate Water (NPIW) formation. The Kuroshio and Oyashio components are calculated
by the ADCP-referenced transport combined with the mixing ratio assuming isopycnal mixing between pure
Kuroshio and Oyashio waters. As a result, the Kuroshio transport involved in the NPIW formation is estimated
to be 7–8 Sv (Sv [ 106 m3 s21), which is the net component along the Kuroshio Extension (KE) from the
separation point near the Cape Nojima to the east side of the first crest of the KE. The Oyashio transport is
estimated to be 5–6 Sv, which consists of coastal 1–2 Sv and offshore 3–4 Sv separated by warm core rings,
and which subsequently merges with the KE at the east side of the first crest, forming new NPIW.
1. Introduction
The western boundary current in the southwestern
part of the western subarctic gyre (WSAG) near the east
coast of Japan is called the Oyashio. The western bound-
ary current of the North Pacific subtropical gyre is called
the Kuroshio. The Kuroshio east of the Boso Peninsula
is called the Kuroshio Extension (KE). The region be-
tween the Oyashio Front and the KE is called the mixed
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water region (MWR), or the Kuroshio–Oyashio inter-
frontal zone (K/O zone).
A salinity minimum exists in the intermediate density
range about 26.6–26.9 su in the North Pacific subtrop-
ical gyre (Reid 1965). The North Pacific Intermediate
Water (NPIW) is defined as water characterized by a
salinity minimum. Talley (1993) showed that the NPIW
formation site is the MWR, since the ‘‘salty’’ NPIW
that circulates through the subtropical gyre is refresh-
ened by supply of low-salinity Oyashio water in the
MWR. Yasuda et al. (1996) showed that the Oyashio
and Kuroshio waters merge along the KE and flow east-
ward together, and then produce new NPIW by isopyc-
nal mixing. Tracing potential vorticity (PV) in the layer
26.7–26.8 s u , Yasuda (1997) concluded that the
Okhotsk Sea Mode Water (OSMW), which exists in the
Kuril Basin in the Okhotsk Sea and is characterized by
a PV minimum, is a dominant source of the subpolar
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FIG. 1. Ship tracks (thin line) and CTD stations (solid circles)
during the cruises of the R/V Wakataka-Maru in (a) May 1994 and
(b) May 1992. The CTD sections are labeled SO1 to SO9 in (a) and
SK1 to SK6 and SKZ in (b). The ADCP bottom tracking is denoted
with the dashed arrows in (a). The R/V Soyo-Maru 1458E-section is
added in (b). The shaded boxes 1–3 and the partial sections ‘‘SOU’’
and ‘‘SKD’’ (‘‘sections of Oyashio upstream’’ and ‘‘Kuroshio down-
stream’’) are used for the following analyses.
component of NPIW. Shimizu et al. (2001) demonstrat-
ed the clear existence of the anticyclonic and cyclonic
eddies in the K/O zone, originating from the Okhotsk
Sea and WSAG, respectively. The source waters that
form new NPIW are subtropical Kuroshio water (old
NPIW) and subpolar Oyashio water. Since Oyashio wa-
ter is formed from OSMW and western subarctic gyre
water (WSAGW), both OSMW and WSAGW can be
subpolar source waters.
The source water transports involved in NPIW for-
mation have been estimated in past studies using geo-
strophic transports in various density ranges relative to
a no-motion level at 1000 dbar. For example, Talley et
al. (1995) estimated the zonal transport of new NPIW
to be 6.1 Sv (Sv [ 106 m3 s21), of which subpolar water
accounts for 2.7 Sv, in the layer 26.65–27.4 su across
1528E. Yasuda et al. (1996) estimated the transport of
new NPIW formed along the KE to be 9.5 Sv for 26.6–
27.2 su, of which 5.4 Sv is Oyashio water. Yasuda
(1997) estimated the coastal Oyashio cross-gyre flow,
which is considered to be OSMW-dominant, to be 2.4
6 1.3 Sv for 26.6–27.0 su. Geostrophic transport values
depend on the choice of level of no motion. Talley
(1997) examined the sensitivity of the zonal transport
of new NPIW to reference velocity choices and then
pointed out that current measurements are needed to
examine NPIW formation.
A ship-mounted ADCP (acoustic Doppler current
profiler) measures absolute velocities spatially and con-
tinuously and can be used to estimate an absolute ve-
locity reference for geostrophic transports. The absolute
transports of the source waters for NPIW formation are
estimated here, using the synoptic CTD (conductivity–
temperature–depth sensor) and ship-mounted ADCP
data.
The density range 26.6–27.2 su is chosen for NPIW
formation since this range involves all of the salinity
minimum layer (S , 34.2 psu), whose thickness is about
400 m (section 3b or Fig. 6). Furthermore, this paper
uses the same data as was used in Yasuda et al. (1996),
who calculated NPIW transports in the range 26.6–27.2
su. For comparison with past studies (section 3d), the
range 26.6–27.0 su is also used since Yasuda (1997)
and Talley (1997) used 26.6–27.0 su and 26.64–27.0
su, respectively.
The present study follows the procedure below. The
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FIG. 2. Location of the Oyashio Front (OF), Oyashio Offshore Branch (OOB), warm core rings (WCRs), and Kuroshio Extension (KE)
illustrated in (a) monthly temperature at depth 100 m in May 1994 published by TNFRI, (b) ADCP vectors at 100 m, and (c) geopotential
topography at 100 m, referenced to 1000 dbar. The contour intervals are (a) 18C and (c) 0.2 J kg21.
ADCP-referenced Kuroshio and Oyashio water circu-
lation and transport are investigated, using the Kuroshio
and Oyashio components that are the ADCP-referenced
transport multiplied by the mixing ratio, assuming is-
opycnal mixing between pure Kuroshio and Oyashio
waters (appendices A and B). Data from two CTD and
shipboard ADCP surveys by the Research Vessel Wak-
ataka-Maru of the Tohoku National Fisheries Research
Institute (TNFRI) are used (section 2). The NPIW for-
mation process along the KE was investigated by a
cruise in May 1992. The Oyashio intrusion along the
east coast of Japan was examined during a cruise in
May 1994. Combining the results of two surveys, the
absolute Oyashio and Kuroshio water transports for
NPIW formation are estimated and discussed (sections
3 and 4).
2. Methods and data
a. Cruises
In May 1994, the Oyashio water circulation along the
coast in the K/O zone was investigated with a CTD and
a shipboard ADCP by the R/V Wakataka-Maru (hence-
forth referred as WK9405: Fig. 1a) (Shimizu et al.
2001). WK9405 included leg 1 (13–19 May, from Shio-
gama to Shiogama Port) and leg 2 (20–29 May, Shio-
gama to Hachinohe Port). In May–June 1992, the KE
was observed during coordinated cruises by two vessels
(Fig. 1b): R/V Wakataka-Maru of TNFRI and R/V
Soyo-Maru of the National Fisheries Research Institute
(NFRI; Yasuda et al. 1996; Okuda et al. 2001). These
cruises are referred to as WK9205 and SY9205; SY9205
had no ADCP data.
b. Instruments
CTD (Neil Brown Mark-III B) temperature and sa-
linity profiles were made to 1000 dbar (WK9205 and
WK9405)/1500 dbar (SY9205), or near bottom if shal-
lower. The salinity data were calibrated using bottle
samples. The temperature and salinity data were aver-
aged every 1 dbar.
The R/V Wakataka-Maru’s shipboard ADCP [nar-
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FIG. 2. (Continued)
rowband model, 75-kHz frequency, RD Instruments
(RDI), San Diego, California] was continuously oper-
ated during WK9205 and WK9405. The ADCP was set
to sample 50 layers from depths of 20 to 804 m every
16 m. The sampling interval was 2 min. An ADCP
measures water velocity relative to the ship. Absolute
ship velocities and headings of the R/V Wakataka-Maru
were recorded using a GPS receiver (Furuno Electronics
Co., Japan) and a gyrocompass (TOKIMEC Co., Japan),
respectively. These data were synchronized with ADCP
sampling and stored on a personal computer by RDI’s
Data Acquisition System (DAS, version 3.00). The
methods used to calculate the ADCP-referenced trans-
ports and their errors are explained in appendix A.
3. ADCP-referenced Kuroshio and Oyashio
transports for NPIW formation
a. ADCP-referenced circulation at 26.6–27.2 su
around the Oyashio intrusion
In this subsection, we describe the ADCP-referenced
circulation from the cruise WK9405, which has coastal
sections that cut through the Oyashio intrusions from
the Oyashio Front (OF) to the KE first crest, in order
to examine the Oyashio transport contributing to the
NPIW formation in the layer 26.6–27.2 su.
Since there are Oyashio eddies and warm core rings
in the observed area (Shimizu et al. 2001), the water
mass distribution is characterized using temperature,
ADCP vectors, and geopotential topography at depth
100 m (Fig. 2). Using the indicative isotherm (58C at
100 m) defined by Kawai (1972), the OF is found at
about 418309N (Fig. 2a). A warm core ring (WCR1) is
seen at around 418N, 1458E with a frontal isotherm of
78C (Fig. 2a) and anticyclonic circulation (Fig. 2b). A
cold water (T , 68C) with cyclonic circulation and low-
er dynamic height is found south of WCR1 (Fig. 2).
This cold water is called the Oyashio ‘‘Offshore
Branch’’ (OOB). Another warm core ring (WCR2) is
centered at 378309N, 1458E, with a frontal isotherm of
128–138C at 100 m (Fig. 2a). According to Murakami
(1993), the KE axis is indicated by 178C at depth 100
m. Thus the first crest of KE is located at about 368409N,
1438E (Fig. 2a).
The Oyashio and Kuroshio components of the ADCP-
referenced transports in the density range 26.6–27.2 su
are calculated as described in appendix B. The Kuroshio
components are much weaker than the Oyashio com-
ponents throughout the observed area except in WCR2
(Fig. 3). Even in WCR2, the Kuroshio components are
slightly smaller than the Oyashio components. For ex-
ample, Kuroshio and Oyashio components are north-
ward 4.0 Sv and 4.8 Sv, respectively, in WCR2 across
the eastern part of SO7.
The Oyashio components across SO1 are 6.2 Sv
southwestward near the coast, northeastward 4.2 Sv
north of WCR1 and 9.6 Sv in WCR1 (Fig. 3a). Across
SO2, the Oyashio components are 1.9 Sv southwestward
north of WCR1, northeastward 4.4 and southwestward
4.0 Sv in WCR1, southwestward 4.1 Sv south of WCR1
(along OOB), northeastward 1.4 and southwestward 1.1
Sv south of OOB (Figs. 2 and 3a). Integrating these
components along SO2, the net Oyashio component
across SO2 is 5.3 Sv southwestward.
A schematic circulation (Fig. 4) is based on the
ADCP-referenced Oyashio and Kuroshio transport com-
ponents in the layer 26.6–27.2 su in May 1992 and May
1994, ignoring components within the transport error
(about 1 Sv: see appendix A). The Kuroshio water cir-
culation is ignored, except for WCR2 in May 1994 since
the Kuroshio components are small and disconnected.
We assume that about 6 Sv of the southwestward Oyash-
io flow across SOU (‘‘section of Oyashio upstream’’;
see Fig. 1a) splits into about 2 Sv north of WCR1 (along
the coast) and 4 Sv south of WCR1 (along OOB), and
possibly becomes a source of the net Oyashio 5.3 Sv
across SO2.
At SO3, a net southward transport of 2 Sv (difference
between southward 9.6 Sv and northward 7.4 Sv) is seen
around the anticyclonic Oyashio eddy A centered at
1428459E (Figs. 2c and 3a). This water originates in the
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FIG. 3. Vector maps of (a) Oyashio and (b) Kuroshio components of the ADCP-referenced geostrophic transports in the layer 26.6–27.2
su during cruise WK9405. The calculation methods are explained in appendix B. The transport vectors are indicated with thin arrows. The
boxed numbers indicate the transport values (Sv) integrated along the identically patterned lines. The fronts of WCR1, WCR2, and KE are
schematically illustrated. The centers of Oyashio eddies A and B are also denoted.
Okhotsk Sea (Shimizu et al. 2001). Thus, the transport
of OSMW carried by Oyashio eddy A might be about
2 Sv if the eddy migrates southward.
Farther south, there is a large southward Oyashio
component of over 5 Sv crossing SO6 (Fig. 3a). This
southward component, however, includes about 5 Sv
circulating in the cyclonic Oyashio eddy B centered at
388459N, 1438E, which mainly originates in the western
subarctic gyre (Shimizu et al. 2001). Except for the
Oyashio eddy B, the southward Oyashio components
are small. A weak anticyclonic circulation, which is
within the transport error, is seen along the coast at SO8
and SO9 (Figs. 2b and 3a). This circulation is possibly
from the anticyclonic Oyashio eddy CW (Shimizu et al.
2001).
The net Oyashio components across the sections near
the coast (Fig. 5) lead us to conclude that the southward
transport of the coastal Oyashio intrusion is more spo-
radic than laminar since the net southward transport is
almost zero at SO5 and reaches maxima at SO3 and
SO6 (around the anticyclonic and cyclonic Oyashio ed-
dies, A and B, respectively). Thus the Oyashio water is
probably carried by Oyashio eddy migration as sug-
gested by Shimizu et al. (2001). The net southward
transport of the coastal Oyashio intrusion is relatively
small, 2 Sv at most (average 1.3 Sv).
b. ADCP-referenced circulation in the layer 26.6–
27.2 su around the Kuroshio Extension
The WK9205 sections cut through the KE from the
Kuroshio separation point (near Cape Nojima) to the
first crest (Fig. 1b). Using the CTD data from WK9205
and SY9205, Yasuda et al. (1996) showed that the
Oyashio low-salinity water merges with the KE and
flows eastward along the KE, forming new NPIW. They
estimated the source water transports in the layer 26.6–
27.2 su relative to 1000 or 1500 dbar. In this subsection,
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FIG. 4. Schematic map of the Kuroshio (black arrows) and Oyashio
(gray arrows) components in the ADCP-referenced geostrophic trans-
ports in the layer 26.6–27.2 su. Components within the transport error
(about 1 Sv) are not drawn. This is a composite from the May 1992
and May 1994 cruises. The boxed numbers indicate volume transport
(Sv). A, B, and CW are Oyashio eddies; WCR1 and WCR2 are warm
core rings; and KE and KR are the Kuroshio Extension and recir-
culation. In May 1994, the Kuroshio water circulation is not drawn
except in WCR2, since the Kuroshio components are small and dis-
connected.
FIG. 5. Oyashio components (Sv) in the ADCP-referenced trans-
ports in the layer 26.6–27.2 su across the coastal parts (inshore of
warm core rings or Kuroshio Extension boundary) of SO1 to SO9 in
WK9405. The southward, northward, and net southward (difference
between the above two) components are denoted with gray, dashed,
and thick lines, respectively. The average of the net southward com-
ponent, which is assumed to be the mean transport of the coastal
Oyashio intrusion, is 1.3 Sv, denoted by a thin line.
the ADCP-referenced geostrophic Oyashio and Kuro-
shio components along the KE are examined for com-
parison with Yasuda et al. (1996).
Kawai’s (1972) indicative isotherm for the KE axis
is 148C at depth 200 m. This location is marked with
the inverted triangle and ‘‘KE’’ in the 1458E (SY9205)
section in Fig. 6. Kawai’s indicative isotherm is con-
sistent with the geostrophic current axis. Using the in-
dicative isotherm, the KE axis is mapped in Fig. 7 (after
Fig. 3a in Yasuda et al. 1996). The first crest of the KE
is at about 368459N, 1428509E. The KE front is defined
as the northern boundary of the eastward transport near
the axis (Fig. 7). The Kuroshio component of the KE
transport across SK1, near the Kuroshio separation
point, is 7.8 Sv (Fig. 7a). The net eastward Kuroshio
component (Fig. 8) is the simple eastward Kuroshio
component minus the Kuroshio recirculation component
(as defined in the next paragraph). The net eastward
component is about 5 Sv across SK2 and 4 Sv across
SK3, on the west side of the KE first crest. Since the
KE stream direction is northward between SK2 and SK3
and eastward east of SK3, the eastward transports must
be smaller west than east of the crest (schematic in Fig.
4). Gaining about 3 Sv between SK3 and SK4 (just east
of the crest, 1428459–1438309E), the net eastward Ku-
roshio component is restored to about 7.5 Sv (Fig. 8).
Since the KE flows nearly eastward east of the crest
(1438309–1458E in Fig. 7) and since transport is not
supplied from the south because the meridional transport
is small in the south of KE (0.8 Sv northward across
SKZ), the alongstream Kuroshio component is esti-
mated to be 7–8 Sv (Fig. 4).
The westward transport seen south of the KE jet at
SK3 to SK6 is the recirculation of the KE. The KE
recirculation has about 2 Sv of Kuroshio and less than
1 Sv of Oyashio components (Figs. 7 and 8). Since the
meridional transport is almost zero across SKZ, there
is little water exchange between the recirculation and
the south of SKZ. Thus, the recirculation must be closed
east of SK2 and north of SKZ (Fig. 4). Note that trans-
port values in this area are uncertain since the CTD
survey pressure of WK9205 (1000 dbar) did not reach
27.2 su, although it did reach 27.1 su (Fig. 6).
The Oyashio water merges with the KE with an east-
ward increase in the Oyashio component. The Oyashio
component is less than 1 Sv across both SK1 and SK2,
2–3 Sv across SK3 to SK5, and 5.5 Sv across SK6 (Figs.
7b and 8). Yasuda et al. (1996) show salinity and ac-
celeration potential maps in the layer 26.7–26.8 su from
WK9205 and SY9205. The low-salinity Oyashio water
(S , 33.6 psu) merges with the KE at about 368309N
between SK2 and SK3, whereas the water is still saline
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FIG. 6. Vertical cross sections of (a) salinity S, and (b) geostrophic current relative to 1500 dbar along 1458E from SY9205. In (a) the
light and dark shades denote areas with 33.8 , S , 34.2 and S , 33.8 psu, respectively. In (b) the solid (dashed) contour lines indicate
the eastward (westward) component and the shaded area denotes the area with density 26.6–27.2 su. The inverted triangle denotes the
Kuroshio Extension axis that is defined by Kawai (1972). The circulation of a warm core ring is schematically drawn with WCR.
(S . 34.0 psu) north of the KE at SK1 or SK2 (see
their Fig. 3).
Okuda et al. (2001) examined the distributions of low
salinity patches south of the KE with data from WK9205
and SY9205. The vertical sections of salinity and po-
tential density along SK1–SK5, the 1458E section, and
SK6 are displayed in Figs. 4a–g of Okuda et al. (2001).
The low-salinity Oyashio water (S , 33.6 at 26.6–26.8
su) directly merges with the KE at SK3, whereas it is
separate from the KE front at SK1 and SK2 (their Figs.
4a–c). Thus the Oyashio water merges with the KE be-
tween SK2 and SK3, at 1428459–1438309E. This Oyash-
io water merger is achieved through the First Branch of
the Oyashio (FBO), which corresponds to the coastal
Oyashio intrusion (see their Fig. 10). Similarly, the Sec-
ond Branch of Oyashio (SBO), which is the offshore
Oyashio intrusion, merges with the KE between SK5
and SK6 at 1448159–1458459E (see their Figs. 4e–g and
Fig. 10). In particular, the Oyashio water intrudes south
of the KE front at SK6, probably forming new NPIW
(see their Fig. 4g). The Oyashio water merges with the
KE with about 2–3 Sv through FBO and SBO, respec-
tively, since the eastward increases of the ADCP-ref-
erenced Oyashio components along the KE are 2–3 Sv
at SK3 and SK6 (Figs. 7b and 8). This structure is
similar to WK9405 since the 5–6 Sv of the Oyashio
upstream is separated into the coastal and offshore
Oyashio intrusions by the WCRs. These WK9205 and
WK9405 results are drawn schematically in the com-
posite map (Fig. 4).
c. Kuroshio and Oyashio transports for NPIW
formation
In WK9405, the net southward Oyashio component
is 5.3 6 0.2 Sv across SO2, which completely cuts
through WCR1. The error is estimated to be 0.2 Sv
(50.8/ ) since 12 pairs of CTD stations are usedÏ12
along SO2 (appendix A). On average, 1.3 Sv of the
Oyashio component along the coast reaches the KE first
crest. The remaining 3–4 Sv is considered to pass by
the east and south sides of the WCR2 and to merge with
the KE (Fig. 4). In WK9205, the Kuroshio component
is 7.8 6 0.4 Sv across SK1 near the separation point.
The net eastward Oyashio component is 5.5 6 0.4 Sv
across SKD (‘‘section of Kuroshio downstream’’ that
cuts thorough the KE jet and the recirculation; Fig. 1b),
while the Kuroshio component is still 7.6 6 0.4 Sv (Fig.
8). The ratio of Oyashio and Kuroshio components is
estimated to be 42:58 for SKD. Summarizing these re-
sults and considering the ADCP error, we conclude that
the Oyashio and Kuroshio transports involved in NPIW
formation are 5–6 and 7–8 Sv in the layer 26.6–27.2
su, respectively. The ratio of Oyashio and Kuroshio
components in NPIW formation is about 4:6, close to
the value estimated by Talley et al. (1995). The present
results will be compared with past studies in detail in
the next subsection.
d. Comparison with past studies
The present ADCP-referenced subpolar component of
NPIW is larger than fixed depth-referenced transports
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FIG. 7. Vector maps of (a) Kursohio and (b) Oyashio components in the ADCP-referenced
geostrophic transports along 26.6–27.2 su during cruise WK9205. The calculation methods are
explained in appendix B. The transport vectors are indicated with thin arrows. The warm core
ring (WCR) and Kuroshio Extension (KE) front and its axis are schematically illustrated by thick
and thicker curves in both panels, respectively (after Yasuda et al. 1996). The boxed numbers
indicate transport values (Sv) integrated along the identically patterned lines on the sections.
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FIG. 8. Kuroshio and Oyashio components south of the KE front
(Sv) in the ADCP-referenced transports in the layer 26.6–27.2 su
across SK1 to SK6 in WK9205. Each component is indicated by a
line pattern as explained in the box at the upper left. ‘‘Eastward
Kuroshio’’ means the simple totals of the eastward Kuroshio com-
ponents, while ‘‘K-recirc.’’ indicates the westward Kuroshio com-
ponent of the Kuroshio recirculation, which is seen south of the KE
jet. Net eastward Kuroshio/Oyashio components are the eastward
totals minus the westward components of the Kuroshio recirculation.
‘‘Net eastward K 1 O’’ is the sum of the net eastward Kuroshio and
Oyashio components.
FIG. 9. Distribution of the ADCP reference velocity for geostrophy,
y ref (m s21), in (a) WK9405 and (b) WK9205, which are defined as
the differences in the components normal to CTD sections in the
vertical average from 200 to 500 m between the ADCP velocity and
1000-dbar-referenced geostrophic velocity (appendix A). The boxed
numbers are mean values averaged along the identically patterned
lines. The solid stars with the parenthesized numbers denote maxima
of the Oyashio coastal flow in (a) and the Kuroshio Extension jet in
(b).
in past studies. Talley et al. (1995) estimated the sub-
polar component to be 3 Sv in the layer 26.65–27.4 su
relative to 1000 dbar. Yasuda (1997) estimated the cross-
gyre transport of the subpolar water to be 2.4 6 1.3 Sv
in the layer 26.6–27.2 su relative to 1000 dbar. The
present ADCP-referenced result is 5–6 Sv in the layer
26.6–27.2 su. The reference velocity, y ref that results in
this higher transport is over 0.2 m s21 southward at SO1
and SO6 in the coastal Oyashio current (stars in Fig.
9a). The averages along SOU and SO2 are 0.16 and
0.04 m s21 southwestward, respectively.
Furthermore, the Oyashio baroclinic transport is small
at depths shallower than 1000 dbar (Table 1). For ex-
ample, the southwestward Oyashio transport across
SOU is 1.7 Sv relative to 1000 dbar, which is much less
than the ADCP-referenced 6.2 Sv (Table 1). A more
impressive difference is found at SO2. While the ADCP-
referenced Oyashio transport is southwestward 5.3 Sv,
the 1000 dbar-referenced transport is 0.42 Sv north-
eastward, probably because the geopotential topography
relative to 1000 dbar is lifted up south of SO2 by the
warm water (Figs. 2a and 2c). The mean y ref along SO2
is 0.04 m s21 southwestward (Fig. 9a), which yields
southwestward transport of about 8 Sv, probably in-
cluding about 5 Sv Oyashio and 3 Sv Kuroshio. It is
known that the structure of the southwestward current
in the Oyashio is much deeper than 1000 dbar, extending
to the bottom [see Fig. 6 of Kono and Kawasaki (1997)
or Fig. 3 of Talley et al. (1991) for example]. The sub-
polar water transports were probably underestimated in
Yasuda (1997) since the reference level was 1000 dbar.
In the KE area, Yasuda et al. (1996) estimated the
new NPIW transport to be 9.5 Sv (relative to 1000 dbar)
and 13.2 Sv (1500 dbar) in the layer 26.6–27.2 su.
Talley (1997) estimated 6.75 Sv (relative to 1500 dbar),
7.06 Sv (2000 dbar), 7.51 Sv (4000 dbar) in the layer
26.64–27.0 su at 1528E. The present ADCP-referenced
results across the SKD are 13.1 Sv (Kuroshio 7.6 and
Oyashio 5.5 Sv) in the layer 26.6–27.2 su and 8.5 Sv
(Kuroshio 4.4 and Oyashio 4.1 Sv) in the layer 26.6–
27.0 su (Table 1), which correspond well with the ref-
erence level estimates, especially 1500 dbar-referenced
estimates, without the large differences seen in the
Oyashio area.
The reference velocity y ref of the Kuroshio recircu-
lation is 0.09–0.10 m s21 westward at SK4–SK6, nearly
matched with y ref of the KE, 0.08–0.14 m s21 eastward
(Fig. 9b). The westward transport from the recirculation
in the layer 26.6–27.2 su is average 1.7 Sv at SK4–SK6
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FIG. 9. (Continued)
TABLE 1. Oyashio and Kuroshio components in the ADCP or 1000-dbar-referenced transports (Sv) across each section in the density
ranges from 26.6 to 27.2 su with 0.1 su interval. Two types of total transports (26.6–27.0 su, 26.6–27.2 su) are added.
Isopycnal layers
SOU (Oyashio)
ADCP 1000 dbar
SO2 (Oyashio)
ADCP 1000 dbar
SK1 (Kuroshio)
ADCP 1000 dbar
SKD (Kuroshio)
ADCP 1000 dbar
SKD (Oyashio)
ADCP 1000 dbar
26.6–26.7
26.7–26.8
26.8–26.9
26.9–27.0
27.0–27.1
27.1–27.2
0.8
0.6
0.9
1.0
1.4
1.5
0.3
0.2
0.3
0.3
0.4
0.3
0.9
0.7
0.9
0.9
1.0
1.0
0.0
20.1
20.1
20.1
0.0
0.0
1.5
1.3
1.3
1.2
1.4
1.2
0.8
0.9
0.8
0.7
0.6
0.5
1.4
1.0
1.3
0.8
1.2
2.0
1.1
0.9
0.9
0.6
0.6
0.6
0.4
0.8
1.3
1.6
0.9
0.6
0.3
0.6
0.8
0.9
0.5
0.2
26.6–27.0 total 3.3 1.0 3.3 20.4 5.3 3.1 4.4 3.5 4.1 2.5
26.6–27.2 total 6.2 1.7 5.3 20.4 7.8 4.2 7.6 4.7 5.5 3.1
with ADCP reference (Fig. 8), while it is almost zero
with 1000-dbar reference (average 0.01 Sv). Thus, the
recirculation has a deep or barotropic structure. When
the reference is changed from 1000 dbar to ADCP, the
net eastward transport in the KE area, which is inte-
grated meridionally from the north of the KE to the
south of the recirculation, does not increase much since
a significant westward transport component arises from
the barotropic recirculation. Thus the present ADCP-
referenced results probably correspond well with past
estimates in spite of large y ref along the KE.
Last, the transport contributions of the Oyashio (5–
6 Sv) and Kuroshio (7–8 Sv) to NPIW at 26.6–27.2 su
are checked against the salinity of new NPIW. It is as-
sumed that new NPIW is an isopycnal mixture between
the transport-weighted Oyashio and Kuroshio waters,
with salinity given by
S (i)Q (i) 1 S (i)Q (i)O O K KS (i) 5 ,m Q (i) 1 Q (i)O K
where Sm(i) is the salinity of the new NPIW mixture in
the ith isopycnal layer with 0.1 su thickness. The SO(i)
and SK(i) are the ith layer averaged Oyashio and Ku-
roshio salinities, which were used for the mixing ratio
references as 100% and 0% (Fig. 10): SO(i) and SK(i)
are taken from Shimizu et al. (2001; see their Table 1
and Fig. 2), and QO(i) and QK(i) are the ith layer Oyash-
io and Kuroshio transport components (appendix B).
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FIG. 10. Salinity profiles for potential density of 26.6–27.2 su,
assuming isopycnal mixing between the Oyashio and Kuroshio wa-
ters, weighted by their transports. Three types of profiles, SOU 3
SK1, SO2 3 SK1 and SKD-K 3 O, are composed by combining the
Oyashio components across SOU, SO2, and SKD with the Kuroshio
components across SK1 and SKD (Table 1). The profiles of the orig-
inal Oyashio, Kuroshio waters (after Shimizu et al. 2001), and new
NPIW (Yasuda et al. 1996) are displayed for comparison.
Three different source water combinations are tested
for comparison with new NPIW: One is Oyashio from
SOU and Kuroshio from SK1 (notated as SOU 3 SK1),
the next is SO2 and SK1 (SO2 3 SK1), and the third
is Oyashio and Kuroshio across SKD (SKD-K 3 O).
The results are displayed in Fig. 10, compared with new
NPIW salinity based on an averaged profile along 1558–
1648E at 378N, referred to as Type-III NPIW in Yasuda
et al. (1996).
The curves of both ADCP and 1000-dbar-referenced
SKD-K 3 O fit the curve of new NPIW, forming salinity
minima at around 26.75 su. Since the SKD is located
near the distribution area of new NPIW, it is natural that
the SKD-K 3 O profiles are close to the profile of new
NPIW. The curves of the ADCP-referenced SOU 3 SK1
and SO2 3 SK1 fit the new NPIW profile quite well,
whereas the 1000-dbar-referenced ones are much saltier
than new NPIW. This means that the ADCP-referenced
Oyashio components across SOU or SO2 are sufficient
but the 1000 dbar-referenced components are too small
to form new NPIW.
In contrast to SKD-K 3 O, there are no salinity min-
ima at around 26.75 su in the profiles of the ADCP-
referenced SOU 3 SK1 nor SO2 3 SK1. Our method
does not include cabbeling, and that may be a possible
reason why the profiles do not form salinity minima at
around 26.7–26.8 su. The profiles have salinity minima
at 26.65 su (densities less than 26.65 su are not shown
in Fig. 10). If cabbeling is included, the salinity minima
can shift to about 26.7 su since mixture between the
Kuroshio and Oyashio waters increases the density by
up to su 5 0.07 at around 26.6–26.65 su (Talley and
Yun 2001). Another reason might be the time difference
in the original data (1992 and 1994). If the profile or
transport of the Oyashio and Kuroshio change season-
ally or annually, the results would change correspond-
ingly. The time variability in the transports will be dis-
cussed in the next section.
4. Summary and discussion
Our results are summarized as follows.
1) Combining the results from two cruises in May 1992
and 1994, new NPIW in the layer 26.6–27.2 su is
formed from Oyashio and Kuroshio waters with
transports of 5–6 Sv and 7–8 Sv, respectively, using
ADCP velocity references.
2) The Oyashio flow of 5–6 Sv, which is divided into
a coastal 1–2 Sv and offshore 3–4 Sv by warm core
rings, merges with the Kuroshio Extension (KE) at
the east side of the first crest, forming new NPIW.
3) In the Oyashio flows, the 1000-dbar reference level
chosen by many previous authors because of the lack
of deeper profiles is inadequate because the Oyashio
baroclinic transport is small while the absolute cur-
rents are large, causing large underestimates. In the
KE area, a significant westward transport component
arises in the ADCP-referenced transports because of
the deep or barotropic structure of the westward Ku-
roshio recirculation south of the KE. As a result, a
net eastward ADCP-referenced transport is not much
larger than the net 1000-dbar-referenced transport,
corresponding well to past estimates of Yasuda et al.
(1996) or Talley (1997).
It is valuable to discuss the present results quantita-
tively compared with the previous studies on NPIW
formation. The Okhotsk Sea Mode Water (OSMW) of
the Oyashio southward transport is now estimated since
Yasuda (1997) suggests OSMW that has a pycnostad at
26.6–27.0 su is a dominant subpolar source of NPIW.
Itoh (2000) estimates the mixing ratio between OSMW
and the western subarctic gyre water (WSAGW) to be
0.35:0.65 using a climatological dataset (World Ocean
Data Base 1998, NODC) that is isopycnally averaged
through all seasons and years. The ratio is estimated
assuming isopycnal mixing in the layer 26.6–27.0 su
east of the southern Kuril Islands. Since the Oyashio
transport at 26.6–27.0 su is 3.3 Sv across both SOU
and SO2 (Table 1), the OSMW component is estimated
to be 1.2 Sv (53.3 3 0.35) using Itoh’s ratio. If we
expand the density range into 26.6–27.2 su with the
same ratio, OSMW is estimated to be about 2 Sv (55.5
3 0.35, 5.5 Sv is a typical value of 5–6 Sv). This value
is close to the net southward Oyashio component around
the anticyclonic Oyashio eddy A, which has a pycnostad
core originating from OSMW (Shimizu et al. 2001).
This value is also smaller than the OSMW transport
inferred by Yasuda (1997) (3–7 Sv in the layer 26.6–
27.2 su).
Warner et al. (1996) estimated the timescale for ven-
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tilation from the Okhotsk Sea to the subtropical gyre to
be 20–25 years at 27.2 su or shorter at lighter densities,
using chlorofluorocarbon (CFC) distribution. For com-
parison, the renewal time is estimated, dividing the
NPIW volume by the formation transport. As shown in
Fig. 6, the thickness of the 26.6–27.2 su layer is about
4.0 3 102 m. Using the definition of Talley (1993),
NPIW is roughly distributed meridionally from about
208N to 408N and zonally from longitude about 1308E
to 1208W (e.g., see Fig. 3 of Talley 1993). The area is
1.7 3 1013 m2. Thus NPIW volume for 26.6–27.2 su is
6.8 3 1015 (m3). Since new NPIW is formed by about
13 Sv (Oyashio 5.5 Sv 1 Kuroshio 7.5 Sv, typical val-
ues), the renewal time is estimated as 6.8 3 1015 (m3)/
13(Sv) 5 5.2 3 108 s 5 20 yr. This is quite close to
the estimate of Warner et al. (1996). If only the Oyashio
component (5.5 Sv) is used, the renewal time is cal-
culated to be 40 years. Compared with Warner et al.
(1996), 20 years might be more proper than 40 years
for the renewal time of NPIW.
How representative are the present results, which are
based on two sets of synoptic observations in spring
1992 and 1994? Kono and Kawasaki (1997) examined
the Oyashio transport referenced to a moored current
meter (MCM) near the Hokkaido coast (nine cases from
May 1992 to May 1995; two in January; four in May;
one in June; two in October). The southwestward MCM-
referenced Oyashio transport above 800 m averaged 5.6
6 2.3 Sv, with a maximum 8.9 Sv in May 1993 and a
minimum 1.6 Sv in October 1993 (see their Fig. 11).
Kono and Kawasaki (1997) also suggested that the
Oyashio transport has a minimum in summer and au-
tumn and a maximum in winter and spring. The time
variations in the transports of the Oyashio and Kuroshio
are apparently independent of each other since the Ku-
roshio transport shows an interdecadal variation related
to the meandering state of the Kuroshio (Kawabe 1995).
The salinity of formation volume of new NPIW might
vary correspondingly with the seasonal signal in the
Oyashio transport. As to the present study, the KE trans-
port might not have changed much during 1992–1994
since the Kuroshio path remained in a non-large-me-
ander state (H. Akiyama, Kuroshio Research Division,
NFRI, 2002, personal communication). The MCM-ref-
erenced Oyashio transport above 800 m is 7.2 Sv in
May 1992, and 5.7 Sv in May 1994 (Kono and Kawasaki
1997), not so far from the average value of 5.6 Sv. Thus,
the present result probably represents an average con-
dition of the Kuroshio and Oyashio in spring. However,
seasonal and interannual variability in the Kuroshio and
Oyashio transports involved in the NPIW formation is
still an unexamined problem.
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APPENDIX A
Errors in the ADCP-Referenced Transport
Cokelet et al. (1996) fully reported the error in ab-
solute ocean current data acquired through RDI’s data
acquisition system (DAS). The R/V Wakataka-Maru
ADCP system and the data analyzing technique are sim-
ilar to theirs. Thus we basically follow their method and
error estimates. When calculating geostrophic current
referenced to a velocity y ref on a certain isobaric surface
with pref between two CTD stations A and B, the average
geostrophic current y g is calculated as a function of
pressure p, as follows:
y (p) 5 y 1 [D (p) 2 D (p)]/( fL ),g ref B A AB
where f is the Coriolis parameter, DB(p) 2 DA(p) is the
difference in dynamic height anomalies integrated from
pref to p, and LAB is the distance between stations A and
B. The reference pressure is chosen to be 1000 dbar in
the present study. Here y ref is chosen to be the difference
in the velocity component perpendicular to the CTD
section between the vertical averages of the ADCP and
the geostrophic currents relative to 1000 dbar, in the
depth range 200–500 m, in order to minimize wind-
driven effects and subsurface internal waves.
The isobaric geostrophic current y g(p) is converted
into the isopycnal current y g(r), with the pressures av-
eraged at the two CTD stations at density r: p(r ) 5
[pA(r) 1 pB(r)]/2. The geostrophic transport is obtained
as an integral of velocity perpendicular to the CTD sec-
tion multiplied by the area. Since the isopycnal layer
thickness is different at each CTD station, each area
element is trapezoidal. The volume transport Q for the
isopycnal layer with r1 , r , r2 is as follows, using
the ADCP-referenced velocity y(r ) averaged in the den-
sity range from r to r 1 Dr (Dr is 0.1 su in the present
study) and the corresponding trapezoidal area S(r ):
Q 5 y (r)S(r).O
r ,r,r1 2
The errors in the ADCP reference velocity and trans-
port are estimated as follows. Systematic errors in
ADCP velocities are mainly caused by misalignment
angles of the ADCP transducer and gyrocompass (Joyce
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FIG. A1. Time series of the ADCP calibration parameters of (a) a
and (b) b from the bottom tracking mode (Joyce 1989) during cruise
WK9405.
TABLE A1. ADCP and 1000-dbar-referenced geostrophic transport
budgets (Sv) for 26.6–27.2 su in each box in Fig. 1a. Positive (neg-
ative) values indicate convergence (divergence) in the boxes.
Isopycnal
layers
Box 1
ADCP
1000
dbar
Box 2
ADCP
1000
dbar
Box 3
ADCP
1000
dbar
26.6–27.2 su 20.3 22.4 0.5 1.0 0.9 0.7
1989; Pollard and Reid 1989). The horizontal misalign-
ment angle yields systematic error in cross-tracking
ADCP components, which in turn leads to a large error
in the ADCP-referenced transport. The horizontal mis-
alignment angle is caused by not only mis-installation
of the ADCP transducer on the ship hull but also the
gyrocompass uncertainty. The gyrocompass uncertainty
is mainly caused by 1) gyro speed error (Griffiths 1994),
2) Schuler oscillation (Pollard and Reid 1989), and 3)
time-varying gyro bias (Pollard and Reid 1989; Griffiths
1994; King and Cooper 1993). As for 1), the gyro speed
error was calibrated using equation 1 in Griffiths (1994)
after the cruise. For 2), we found no 84-min peak (the
oscillation period) in spectra of the difference in the
headings between the gyro and the ADCP bottom track-
ing. Thus, the Schuler oscillation was ignored. As for
3), the drift of the gyrocompass depends on time and
ship heading. Since each section in WK9405 includes
a coastal region (Fig. 1a), we could examine the fluc-
tuation in the misalignment angles (Fig. A1) using bot-
tom tracking (Joyce 1989). The fluctuation ranges in a
and b seem to be about 28 and 0.02, respectively. For
the deeper regions where bottom tracking was not avail-
able, the time-interpolated values are used for the cal-
ibration.
Table A1 shows the ADCP-referenced geostrophic
transport budgets in the 26.6–27.2 su layer in each box
in Fig. 1a, compared with 1000-dbar-referenced trans-
ports. The ADCP-referenced budgets are divergent by
0.3 Sv in box 1 and convergent by 0.5 Sv in box 2,
which are less than the 1000 dbar-referenced values.
Although the 1000-dbar-referenced budgets have a sim-
ilar tendency to the ADCP-referenced budgets and thus
the velocity field is possibly time-varying during the
observation, the systematic errors must be well-cali-
brated in these two boxes. Box 3, however, has a con-
vergence of 0.9 Sv that is larger than in the 1000 dbar-
referenced case, suggesting that there is a systematic
error in the transport, averaging 0.06 Sv per single CTD
station pair (there are 16 available pairs along the box
3 sides). In WK9205, the maximum, minimum, and av-
erage calibration parameters are 0.488, 20.248, and
0.338 for a, and 20.019, 20.030, and 20.024 for b,
respectively. Although the cruise WK9205 has less bot-
tom tracking data, the systematic error in the ADCP
data might not be so large as for WK9405 because a
fluctuates around zero.
Shimizu and Yasuda (1995) examined the random
error (accuracy) in the ADCP measurements of R/V
Wakataka-Maru and concluded that the main random
error source is the GPS navigation uncertainty. Shimizu
and Yasuda (1995) also reported that the rms error in
the GPS ship velocities is about 0.53 m s21 when the
Wakataka-Maru runs at regular cruising speed (8 kt).
Since the cruising time from one CTD station to the
next (.10 miles) is about 80 minutes or more, which
includes over 40 GPS fixes at the DAS 2-min samples,
the mean error in the reference ADCP velocity is less
than 0.08 m s21 (50.53 m s21/ ). This is the worstÏ40
estimate of the accuracy of the ADCP reference velocity.
The accuracy must be better on the meridional CTD
section because the distance between CTD stations is
greater and more ADCP data are averaged. If the sep-
aration of one CTD station pair is 11 miles (52 3 104
m, as the minimum zonal distance in the cruises), the
error in the transport is estimated as 0.08 m s21 3 (2
3 104 m) 3 Dp (m) 5 0.2 Dp 3 1022 (Sv), where Dp
is the isopycnal layer thickness (m). For example, if Dp
5 400 m, which represents the thickness of the layer
26.6–27.2 su (Fig. 6b), the error becomes 0.8 Sv. In
this example, the error in the transport summation of N
station pairs becomes about 0.8/ (Sv) since theÏN
amount of the averaged ADCP data is about N times
larger than that of a single pair.
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APPENDIX B
Method to Calculate the Kuroshio and Oyashio
Components in the ADCP-Referenced Transport
The present study estimates the Kuroshio and Oyash-
io components in transport with isopycnal mixing ratio
between the Kuroshio and Oyashio waters, whose con-
cept is same as in Talley (1997). The data sources of
the original Kuroshio and Oyashio waters are the same
as used in Shimizu et al. (2001; see their Table 1 and
Fig. 2). The mixing ratio, with references of the pure
Kuroshio as 0% and the pure Oyashio as 100%, rep-
resents the ratio of the Oyashio component in the Ku-
roshio–Oyashio mixed water. The ratio has lower and
upper thresholds of 0 and 100%, in order not to yield
negative mixing ratio. The Oyashio and Kuroshio com-
ponents, QO and QK, for the total ADCP-referenced
transports Q in appendix A, are calculated as follows:
Q 5 y(r)S(r)r(r)/100,OO
r ,r,r1 2
Q 5 y(r)S(r)[100 2 r(r)]/100,OK
r ,r,r1 2
where r(r ) is the mixing ratio (%) averaged over both
CTD stations along the isopycnal layer from r to r 1
Dr. In the present analysis, r1 5 26.6 su and r2 5 27.2
su. The errors in QO and QK are estimated to be nearly
as same as the error of Q (appendix A) since the mixing
ratio error is on the order of 1% (Shimizu et al. 2001).
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